Organofluorine compounds are toxic to various living beings in different habitats. On the other hand, fluorine incorporation into single proteins via related amino acid analogues has become common practice in protein engineering. Thus, an essential question remains: can fluorinated amino acids generally be used as xeno-nutrients to build up biomass, or do large amounts of fluorine in the cells render them nonviable? To gain information about the effect of long-term exposure of a cellular proteome to fluorinated organic compounds, we constructed an experiment based on bacterial adaptation in artificial fluorinated habitats. We propagated Escherichia coli (E. coli) in the presence of either 4-or 5-fluoroindole as essential precursors for the in situ synthesis of tryptophan (Trp) analogues. We found that full adaptation requires astonishingly few genetic mutations but is accompanied by large rearrangements in regulatory networks, membrane integrity and quality control of protein folding. These findings highlight the cellular mechanisms of the evolutionary adaption process to unnatural amino acids and provide the molecular foundation for novel and innovative bioengineering of microbial strains with potential for biotechnological applications.
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One Sentence Summary: Laboratory evolution enabled for the first time Escherichia coli to use fluorinated indoles as essential precursors for protein synthesis by introducing few genetic mutations but large rearrangements in regulatory networks, membrane integrity and quality control of protein folding.
Main Text: For billions of years, living organisms have used mainly six chemical elements (carbon, hydrogen, nitrogen, oxygen, phosphorus and sulfur) out of the 118 available on Earth for the synthesis of the core macromolecules of life (DNA, RNA, proteins, lipids and carbohydrates). Fluorine is used almost exclusively by humans for various innovative syntheses while evolution has produced only a few chemical molecules and reactions with fluorine as a building block.(1) The high strength and polarization of the C-F bond alter the geometry, conformation and interactions of molecules, hence its incorporation has proven to be an extremely powerful method to modulate stability and/or activity of a vast variety of target materials, fine chemicals, drugs and pesticides. (2) (3) (4) Similarly, complex biological macromolecules such as peptides and proteins can be artificially labelled with fluorine by incorporation of fluorinated amino acids. (5) . Highly fluorinated domains can drive the processes of protein-protein interaction and folding (6) or tune resistance against proteolytic degradation.(7) Thus, fluorinated substances have become indispensable in our daily lives. However, the properties that make fluorine so attractive for chemical synthesis often represent a threat in the cellular environment, where fluorine-containing organic compounds behave as environmental stressors. (8) In this study, we investigated which biochemical factors limit the tolerance of natural systems towards fluorinated compounds. In particular, we tested whether the promiscuity of enzymatic reactions towards unnatural substrates (9, 10) can be exploited in order to convert toxic organofluorine compounds into essential metabolic precursors supporting the creation of cellular biomass. Inspired by reports from the 1960s, in which scientists had attempted to introduce fluorinated amino acids into proteins in vivo (11) but had observed growth inhibition, we opted to exploit evolutionary mechanisms to accomplish a proteome-wide incorporation of fluorinated amino acids. Specifically, we carried out two parallel adaptive laboratory evolution (ALE) experiments that coupled for the first time reprogrammed protein synthesis in Escherichia coli (E. coli) with in situ synthesis of fluorinated amino acid analogues via enzymatic conversion of fluorinated precursors. In particular, we created two metabolic prototypes with stable genetic architectures that were able to convert 4-and 5-fluoroindole into 4-and 5-fluorotryptophan, respectively, in a single-step reaction catalyzed by the endogenous enzyme Trp synthase (TrpS). Trp is an attractive target because it is encoded by a single codon (UGG) in the genetic code and there are no salvage pathways for its biosynthesis in E. coli. The replacement of Trp by 4fluorotryptohan into the proteome of E. coli via long-term cultivation had been attempted before by Bacher and Ellington.(12) However, the authors reported that the fluorinated amino acid acted as toxic metabolite for the cells and they eventually achieved only partial incorporation, while the viability of their strain decreased over time.
In contrast, we report here the selection of clones that gained the ability to live under progressively more stringent conditions, characterized by the absence of Trp. We essentially adapted a procedure (13) that had previously enabled the trophic replacement of Trp by a sulfurated analogue by feeding the corresponding indole precursor to an E. coli strain lacking the trp operon. In our ALE experiments reported here, we generated a new Trp auxotrophic strain and then exposed it to 4-and 5-fluoroindole. We applied increasing selection pressure by decreasing the availability of Trp precursor (indole) until complete depletion. This method enabled the natural adaptation of E. coli to two different fluorinated Trp analogues and thus proved efficient for the generation of new synthetic life forms. It must be noted, that indole and its fluorinated analogues are not less toxic than the corresponding amino acids derivatives. In fact, they exert a concentration-dependent inhibition of cell division, by altering the electrostatic potential of cellular membranes. (14) Nevertheless, our long-term adaptation setup enabled cells to repurpose these toxic metabolites into substrates for the synthesis of an essential amino acid and subsequent proteome-wide incorporation. At the end of the ALE, the adapted strains had become facultative fluorotryptophan/Trp users, as they retained the genes encoding TrpRS (tryptophanyl-tRNA synthetase, trpS) able to recognize Trp and its analogues with similar efficiency.
In order to monitor whether the adaptation process had involved the simultaneous rearrangement of more than one class of biomolecules, isolates from different time points of the ALE experiment were studied by means of genomic, proteomic and metabolomic analyses which allowed us to integrate different layers of biochemical information. An adaptation model is proposed based on these data, highlighting that stress response mechanisms, quality of protein folding and membrane integrity were the main mechanisms where adaptation was most required in order to adjust the cellular metabolism to the fluorinated proteome and, thus, to create artificial biodiversity involving fluorinated substrates.
Results: Based on previous literature reports and our own determination of the catalytic parameters of TrpRS, we knew that 4-and 5-fluorotryptophan would be suitable substrates for proteome synthesis (see Table S1 ). In preliminary experiments, we had observed that 4-and 5fluoroindole were almost isosteric to indole but exhibited higher lipophilicity and polarity (Fig. S1A-C). In order to force E. coli to use the fluoroindoles as essential nutrients for growth, stable Trp-auxotrophy was achieved by deletion of genes from both biosynthetic (trpLEDC; trp operon) and degradation (tnaA; encoding the enzyme tryptophanase) pathways. The new strain was named TUB00 (ΔtrpLEDC, ΔtnaA, Fig. 1 and S2). coli strains adapted to fluoroindoles that marked a divergence from TUB00. Abbreviations include: trpA (Trp synthase α subunit); trpB (Trp synthase β subunit); trpR (trp operon transcriptional repressor); TrpRS (tryptophanyl-tRNA synthetase); Mtr (Trp permease); MdtF, MdtO, MdtK (multi-drug efflux pumps); CpxA (sensor histidine kinase). Under natural conditions, cells can uptake extracellular Trp. However, during the ALE cultivation Trp was not supplied, hence its structure is crossed. (B) The trp operon of E. coli in the parent strain MG1655 and in the Trp-auxotrophic derivative TUB00 (used for ALE cultivation) after deletion of the genes trpLEDC. The PLPdependent reaction catalyzed by TrpS is showed below.
The ALE experiment included continuous cultivation in shake flasks and serial re-inoculation of parallel cultures (see Method 5 in SI). Thereby, the concentration of the major growth nutrient indole was gradually decreased from 0.5 -1 µM to zero, while keeping the levels of fluoroindoles and other nutrients (in particular glucose, nitrogen and phosphate) constant (Tables S3 and S4 ).
The cells remained viable for over one year of cultivation and eventually acquired the ability of growing in NMM0 containing no amino acids and supplied exclusively with 4-or 5-fluoroindole. This demonstrated that E. coli had developed the ability to use these fluorinated substrates as metabolic intermediates, i.e. "xeno-nutrients". Overall, we propagated parallel serial cultures for 825 generations and 93 serial re-inoculation steps in the case of 4-fluoroindole ALE ( Fig. 2A) and 678 generations and 83 serial re-inoculation steps in the case of 5-fluoroindole ALE (Fig. 2B ). The strains adapted to 4-fluoroindole are referred to below as "4TUBX" and those adapted to 5fluoroindole as "5TUBX", where X corresponds to the respective serial re-inoculation step number ("passage"). Tables S3 and S4) , NMMa/b/c where "a" is the number of amino acids supplied, "b" is the concentration of fluoroindole and "c" is the concentration of indole, both µM. Black arrows indicate the isolates used for strain characterization, referred to as: early (4TUB34 and 5TUB23), intermediate (4TUB81 and 5TUB48) and final time points (4TUB93 and 5TUB83).
To elucidate the molecular mechanisms that had allowed the adaptation of 4TUB and 5TUB towards fluoroindoles as xeno-nutrients, we characterized isolates from the ALE experiments by means of whole genome sequencing, quantitative proteomic and non-targeted metabolomic analyses. Firstly, genomic mutations accumulated during the two parallel ALE experiments were identified by whole-genome sequencing of isolates of 4TUB and 5TUB at early, intermediate and final time points by means of an Illumina HiSeq 4000 sequencing platform (Table S5 and supplementary data). The impact of mutations on structure and function of the corresponding protein product was predicted by PROVEAN v1.1 (Protein Variation Effect Analyzer, Table  S6 ). (15) Notably, E. coli adapted to whole-proteome fluorination by a relatively low number of mutations. Of more than 20,000 TGG (Trp) codons present in the genome of E. coli, only one was mutated during 5-fluoroindole ALE (in the gene mrr, encoding methylated adenine and cytosine restriction protein, Trp105Stop). This suggests a remarkable tolerance of the bacterial proteome towards global incorporation of fluorotryptophans. No major changes of ribosomal proteins were required to catalyze protein synthesis with 4-and 5-fluorotryptophan, which is in agreement with the well-known tolerance of the ribosome towards different amino acid analogues.(16) Only during 4-fluoroindole ALE single point mutations occurred at the level of the 30S ribosomal proteins S1 (rpsA, Table 1 ) and S10 (rpsJ, Table 1 ). Mutations of other genes involved in protein biosynthesis included isoleucyl-tRNA synthetase (ileS, Table 1) in 5-fluoroindole ALE and glycyl-tRNA synthetase (glyQ) in 4-fluoroindole ALE (this latter categorized by PROVEAN as neutral, Table  S6 ). Two genes encoding proteases (ptrA and ftsH, Tables 1 and S6) were mutated over the course of 5-fluoroindole ALE, which might increase the cellular tolerance towards fluorinated proteomes. 
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The gene trpS, encoding TrpRS, was mutated in both ALE experiments. We reasoned that the mutant enzymes might improve the usage of fluorinated Trp analogues for protein synthesis, especially in the case of 5-fluorotryptophan, where mutation of trpS correlates with the emergence of fully adapted phenotypes. The mutation of trpS in 4-fluoroindole ALE was categorized as neutral (Table S6) , which is consistent with our preliminary observation that 4-fluorotryptophan is relatively efficiently activated by TrpRS (Table S1 ), hence adaptation did not require substantial modification of the enzyme.
Notably, during 5-fluoroindole ALE, a mutation in trpR, encoding the transcriptional repressor TrpR of the trp operon, altered the conserved residue Arg84, which is important for binding to DNA via electrostatic interactions ( and the inactivation of this transporter in E. coli is associated with higher metabolic flux in the biosynthetic pathway of Ser, (18) that is required for the synthesis of (fluoro)tryptophan. Although the precise mechanism of indole uptake in the cells is still a matter of controversy, indole and its analogues are known to passively diffuse through cellular membranes. (19) Nonetheless, we found a mutation in mtr, encoding the highaffinity transporter Trp permease in all isolates from the 5-fluoroindole ALE experiment (Table  1 ). Since Trp is absent from the ALE medium, this mutation could inactivate an unused transporter (and thus be neutral) or facilitate 5-fluoroindole uptake into the cytoplasm and thus be beneficial for enlarging the pool of substrate for 5-fluorotryptophan synthesis. Proteomics data suggest that Mtr played a functional role in the adaptation towards fluoroindoles as xeno-nutrients, as it is upregulated throughout the whole 5-fluoroindole ALE as well as at the final time point of 4fluoroindole ALE (4TUB93). Mutation of genes encoding multi-drug efflux pumps (mdtK, mdtO, Table 1 ) was observed in the final isolate of 5-fluoroindole ALE (5TUB83) and at early stages of 4-fluoroindole ALE (4TUB34, mdtF, Table 1 ). Multi-drug efflux pumps carry out detoxification in presence of xeno-compounds, such as the fluoroindoles.(20, 21) However, in our ALE setup, precisely these compounds must be accumulated, as they are essential precursors for Trp and protein synthesis. For this reason, we believe that mutation of this class of transporters was crucial for the adaptation to fluoroindoles.
After genomics, we investigated what changes had occurred in the proteome of E. coli upon global incorporation of fluorotryptophans. The fluorinated proteomes of the isolates from early and final time points of 4TUB and 5TUB were compared to the standard proteome of TUB00. Specifically, we quantified changes in abundance of single proteins by means of Stable Isotope Labelling by Amino acids in Cell culture analysis (SILAC, Fig. S3 and supplementary data). (22) Contrary to our expectation, relatively few proteins showed abundance change (see Fig. S4 ). However, functional proteins and enzymes directly involved in the quality control of protein folding were strongly affected. In particular, protein chaperones and proteases that assist folding and degradation of misfolded proteins were upregulated at the early time points of both ALEs (4TUB34 and 5TUB23, Table 2 ), thus suggesting that a stress response associated with the presence of a large number of misfolded proteins was underway at the beginning of the adaptation process. This might be a specific effect of the incorporation of the fluorotryptophans into the proteome. Remarkably, at the end of the ALE experiments (4TUB93 and 5TUB83; Table 2) , the same proteins are downregulated, meaning that the situation of stress was resolved. required for cross-talking with CpxR (Table 1) . We conclude that, although Trp is the leastabundant amino acid in the proteome of E. coli (~ 1%), its global fluorination induces a stress response, most likely associated with the partial misfolding of a large number of proteins. Cells coped with this condition by loosening the protein quality check mechanisms that normally ensure correct folding, such as protein chaperones and proteases.
Finally, we investigated whether the adaptation to fluoroindoles had altered the chemical composition of TUB00. The metabolomes of all relevant isolates were extracted and analyzed by non-targeted tandem-mass spectrometry and molecular networking with Global Natural Products Social Molecular Networking (GNPS, supplementary data).(28) Multivariate statistics of Principal Coordinate Analysis (PCoA) indicated that the metabolomes of TUB00 and the ALE isolates had increasingly diversified (Fig. 3A, B) . Moreover, investigation of GNPS molecular networks revealed that the most significant changes had occurred at the level of Trp, biotin and lipid metabolites (Fig. 3C, D) . In particular, Trp was present exclusively in TUB00, while fluorotryptophan was detected in the ALE isolates ( Fig. 3C, E ; Table S10 ). Remarkably, during the adaptation to 5-fluoroindole, (2) 5-fluorotryptophan 1 became up to 5-times more abundant than Trp in TUB00 (Fig. 3E, Table S10 ), which correlates with our hypothesis that mutation of TrpR upregulates 5-fluorotryptophan biosynthesis. However, it might also indicate that this analogue accumulates in the cytoplasm due to low kinetics of TrpRS. The abundance of 5-fluorotryptophan abruptly dropped by 10 3 -fold at the end of ALE (5TUB83) concomitant with a mutation in trpS. The mutant TrpRS (Met187Leu, Table 1 ) might improve kinetics and increase the usage of 5-fluorotryptophan for protein biosynthesis.
Besides the presence of fluorotryptophan, another distinctive trait of the fluoroindole-adapted strains was the presence of a large excess of biotin, glycerol-and phospholipids in comparison to the ancestor strain TUB00 (Fig. 3D, E) . At the final time point of 5-fluoroindole ALE (5TUB83), a high abundance of phosphatidylethanolamines (the main components of E. coli membranes) carrying unsaturated palmitic (C16) and oleic (C18) fatty acid chains was observed. It is known that indole naturally acts as a stressor for cells by acting as a membrane ionophore (14) and this effect was expected to be stronger in the case of fluoroindoles, and especially 5-fluoroindole, being more lipophilic (thus having higher affinity for cell membranes) as well as more polar (thus increasing the flux of electrolytes across the membrane) than indole itself.
For these reasons, we hypothesized that the cell membrane rearrangement is required for the cells in the process of their specialization to fluoroindoles. Enrichment of membranes with lipids carrying unsaturated fatty acids generally increases the fluidity of the lipid bilayer as it perturbs the stacking of adjacent chains and introduces disorder in the overall structure. (29) We investigated the properties of the cell membranes in 4TUB93, 5TUB83 and TUB00 by fluorescence microscopy. Cells were treated with Nile Red, a stain and hydrophobic probe that intercalates between membrane lipids and whose fluorescence is quenched when it is exposed to polar solvents such as water (Fig. 4A, B ). Both adapted strains were significantly less fluorescent than the ancestor strain (Fig. 4C, D) and particularly in the case of 5TUB83, the vast majority of cells were not fluorescent at all (Fig. 4C, D) , thus suggesting that the membrane retention of Nile Red had decreased. The rearrangement of the cell membrane might favor the uptake of fluoroindoles or reduce the toxic effect when these analogues accumulate in the lipid bilayer. We further tested the permeability of the cell membrane by measuring the susceptibility of TUB00, 4TUB93 and 5TUB83 to vancomycin, a high molecular weight antibiotic that is usually ineffective against E. coli as its passage through cell membranes is negligible (Fig. 4A) . (30) We found that both adapted strains are less tolerant towards vancomycin than TUB00 (Fig. 4E, Table S11 ). This confirmed that adaptation towards fluoroindoles affected the organization of the cell membrane and increased its permeability to extracellular solutes.
Discussion: We performed two parallel adaptive laboratory experiments (ALE) that enabled E. coli to use two fluorinated indole analogues as xeno-nutrients, i.e. essential building blocks for the synthesis of all endogenous proteins. In particular, we established the in vivo synthesis of 4-and 5-fluorotryptophan from 4-and 5-fluoroindole via intracellular metabolic conversion and subsequent proteome-wide translation in response to more than 20,000 UGG codons in E. coli. The 4-and 5-fluoroindole-adapted strains exhibit modified vital processes such as protein folding, membrane dynamics, stress and nutrient uptake. Genomic, proteomic and metabolomic analyses revealed that evolutionary mechanisms originated from a small number of mutations and were accompanied by only minor changes in the protein synthesis machinery. At the initial adaptation stages, the key features of adaptation included upregulation of proteases and protein chaperones as well as activation of the CpxAR-mediated stress response. As cells became proficient in utilizing fluoroindoles, these processes were attenuated. E. coli exhibited a remarkable ability to balance quality control of protein folding with enforced nutritional requirements by accepting fluorine-containing substrates. At the same time, this is strong evidence that the interplay between protein mutational robustness, protein folding and environmental stress is a key factor that determines the evolution of new traits in habitats containing fluorinated compounds. The challenge of continuous exposure to fluorinated stressors was responded to primarily at the level of the cell membrane, as demonstrated by evidences of membrane rearrangement and diversification of the lipid production, especially during the adaptation to 5-fluoroindole. The change in lipid composition did not compromise the viability of the strains and reflected the difference in lipophilicity and polarity between the two fluorinated xeno-nutrients. Upregulated production of unsaturated phosphatidylethanolamines changed the membrane properties and rendered the adapted strains more susceptible towards the antibiotic vancomycin. Although the 4TUB and 5TUB strains developed the ability to grow in a fluorinated habitat, under conditions that are not permissive to the parent strain TUB00 (Fig. S7 ) their growth behavior suffered by significant elongation of the generation time (Table S12 ). This hints that the strain robustness did not increase at the same pace of the adaptation to xeno-nutrients and that limitations in key physiological mechanisms might still exist. It is reasonable that adaptation was facilitated by mutations in transporter proteins such as Mtr and multi-drug efflux pumps (MdtF, MdtO, MdtK) that favored intracellular accumulation of the fluorinated xenobiotic compounds.
Here we report the first laboratory adaptation of E. coli to two different fluorinated indole analogues as precursors for endogenous protein synthesis that eventually led to the complete inclusion of 4-and 5-fluorotryptophan into the proteome of actively proliferating cells. An integrative multi-omics analysis of the adaptation process allowed us to prove that our method enabled the selection of clones with reconfigured regulatory networks, albeit carrying surprisingly few genetic mutations. With the help of these two new bacterial strains we are ready to usher in a new era that will focus on the uptake, toxicity, and metabolism of fluorine-carrying building blocks as, for the first time, it becomes possible to study the way in which whole living organisms accommodate fluorine.
The established fluoroindole-adapted strains provide us with a solid basis for 1) further investigations that are needed to identify the core biological barriers that control microbial adaptation to unnatural chemistries, e.g. antibiotics and pollutants; 2) developing biocontained strains, whose survival and proliferation is strictly dependent on the presence of the xeno-nutrients and will ensure environmental biosafety, and 3) engineering microbial strains with improved growth behavior for biotechnological applications, e.g. facile fluorine-labelling of bioactive peptides. Following these new avenues will lead us to what we see as next main breakthrough i.e. to explore alternative life forms based on xeno-elements.
